MoS 2 has been studied for decades due to its technologically important applications in electronics, [1] [2] [3] catalysis, [4] [5] [6] photovoltaics, [7] [8] [9] [10] and lubrication. [11] [12] [13] More recently, single-and few-layer MoS 2 have been used in field-effect transistors (FET) that exhibit high on-off ratios, exceeding 10 8 , and ultralow standby power dissipation. [1] [2] [3] However, a major issue with MoS 2 devices is their low mobility. The measured mobilities of single layers or thin films of MoS 2 range from 0.1 to 10 cm 2 /V s, 14, 15 which is too low for many practical devices.
The theoretically predicted room-temperature mobility of free-standing defect-free single-layer MoS 2 is 410 cm 2 / V s. 16 Thus, the synthesis of MoS 2 thin films with improved mobilities has been the focus of multiple studies. 1, 3, 17, 18 The use of high-j gate dielectrics like Al 2 O 3 or HfO 2 improves the mobility in the MoS 2 channel by 2-3 orders of magnitude. For example, MoS 2 FETs, bottom-gated with Al 2 O 3 , lead to high mobilities of about 100 cm 2 /V s, 19 and of about 170 cm 2 /V s for top-gated structures. 20 Jena et al. have shown that this enhancement in mobility results from a suppression of Coulomb scattering of the charge carriers or a change in phonon dispersion, assuming that the band structure of MoS 2 is unchanged after placing it on Al 2 O 3 . 18 However, very often the electronic structure of 2D materials is modified by interactions with substrates, resulting, for instance, in semiconductor to metal transition, charge doping, structural distortion, etc.
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Theoretical studies of single-layer MoS 2 on Al 2 O 3 have been previously reported. 23, 24 Valsaraj et al. studied the electronic structure of single-layer MoS 2 on oxides using the local density approximation for the exchange-correlation potential. In another work, Ji et al., using density-functional theory (DFT) with the empirical DFT-D2 exchange-correlation potential, studied the energetic stabilization of MoS 2 flakes on O-terminated a-Al 2 O 3 (0001) surface as a function of the rotation angle between the MoS 2 and oxide. 24 However, this study did not address the electronic structure of MoS 2 on the oxide substrate. Monolayer MoS 2 FETs have already been demonstrated, 1, 25 but devices based on multilayers are promising too. 3 The interface of multi-layer MoS 2 on Al 2 O 3 is yet to be addressed.
In this article, using DFT with a non-local van der Waals potential, we study the interface of the a-Al 2 O 3 (0001) surface and single-layer and tri-layer MoS 2 to understand the effect of high-j dielectrics on the electronic properties of MoS 2 . Using atom-projected band structures, we find that the semi-conducting nature of single-and tri-layer MoS 2 are preserved when placing it on the Al 2 O 3 (0001) surface due to the weak van der Waals interaction at the interface. Furthermore, the unfolded band structures show that the band gap characters and effective masses in n-layer (n ¼ 1 and 3) MoS 2 remain unaffected by the Al 2 O 3 substrate as well. Our results confirm that the increased electron mobility in MoS 2 is caused by suppression of scattering of charge carriers, rather than a change in effective mass, or substrateinduced changes in the MoS 2 band structure.
All simulations are based on DFT using the projectoraugmented wave method as implemented in the plane-wave code VASP. [26] [27] [28] [29] The van der Waals interactions are described by the non-local vdW-DF-optB88 exchange-correlation functional [30] [31] [32] without considering spin-orbit coupling interactions. The van der Waals functional accurately describes the dispersion interactions in multi-layer MoS 2 33 and the physisorption of 2D materials on substrates. 34 The strong exciton interactions in 2D materials need to be considered to obtain optical band gaps. 10, 35, 36 The band gap underestimation problem in standard DFT is overcome by hybrid functionals 37, 38 and the GW method, 39 but these methods have not been used in this work as there are up to 201 atoms in our simulation cells.
The adsorption energies for MoS 2 on sapphire are computed using a slab geometry with a vacuum spacing of 12 Å , which ensures that the interactions between the cells are negligible. An energy cutoff of 600 eV and k-point mesh density Bulk MoS 2 exhibits two stable polytype layered structures, the hexagonal (2H) and the rhombohedral (3R). 40 The 2H structure has the space group P6 3 =mmc, and its unit cell contains two S-Mo-S layers. The 3R structure with space group of R3m contains three S-Mo-S layers in the unit cell. The latter is a noncentrosymmetric structure, which exhibits a valley polarization in photoluminescence emission. 41 Our calculated interlayer spacing of 2H and 3R MoS 2 of 3.155 and 3.070 Å , respectively, agrees closely with the experimental values of 2.977 and 2.983 Å . 42, 43 We model singlelayer MoS 2 as an individual S-Mo-S layer of the bulk structure (see Fig. 1(a) ). Mimicking the stacking of bulk MoS 2 , tri-layer MoS 2 is modeled as the ABA and ABC stacked mono-layers of 2H and 3R MoS 2 , respectively (see Figs. 1(b) and 1(c)).
In this work, we model the sapphire substrate as a slab of Al-terminated a-Al 2 O 3 (0001) surface since large area, low-defect, and uniform flakes of MoS 2 have been experimentally grown on this surface. 44 This termination is the thermodynamically most stable termination below 1300 K and even at high oxygen partial pressure. 45 Since the surface relaxations in Al 2 O 3 are large and extend up to the fifth layer from the surface, we model the substrate as a 1.2 nm thick slab with 12 Al and 6 O layers of a-Al 2 O 3 in a hexagonal unit cell, as illustrated in Fig. 1(d) . The bottom 11 layers are fixed to their bulk positions, and the top 7 layers are free to relax. The inward relaxation of the topmost Al layer to the second oxygen layer is found to be 81% with respect to the bulk relaxed lattice parameters and atomic positions, in good agreement with previous DFT results. 46 First, we determine the interface structures at any rotation by identifying all symmetry-matched supercells of MoS 2 and Al 2 O 3 with a surface area less than 200 Å 2 and a lattice-mismatch of less than 5%, using the algorithm of Zur et al. 47 The only configuration that satisfies these constraints consists of a 2 Â 2 supercell of Al 2 O 3 that is symmetry matched with a 3 Â 3 supercell of MoS 2 and exhibits a small lattice-mismatch of less than 0.34%. For this commensurate interface, the ½10 10 directions of MoS 2 (0001) and Al 2 O 3 (0001) are parallel. This is also the experimentally observed predominant epitaxial orientation of MoS 2 grown on sapphire. 44 Next, to identify the lowest energy position of the n-layer MoS 2 on the Al-terminated sapphire surface, we study three configurations: two high-symmetry configurations, top(Mo) and top(S), and a nonsymmetric configuration we call top(R). The top position refers to the site on the Al 2 O 3 (0001) surface indicated by T in Fig. 1(d) , and the Mo or S atoms of MoS 2 are placed directly above this site in the top(Mo) and top(S) configuration, respectively. For the third nonsymmetric configuration, the MoS 2 layer is shifted off the high-symmetry top(Mo) configuration by 1.5 Å in the y-direction. We relax the n-layer MoS 2 -Al 2 O 3 for all three configurations to determine the thermodynamically most likely configurations and subsequently study their electronic structures.
The
, where E 2D denotes the energy of isolated MoS 2 and N 2D and N 3D are the number of atoms in the unit cell of the single-layer and bulk structure, respectively. The interaction of n-layer MoS 2 with the substrate is given by the binding energy,
, where E 2DþS is the energy of strained MoS 2 adsorbed on the substrate, E S is the energy of the substrate slab, and E 2D is the energy of isolated unstrained MoS 2 . The successful stabilization and synthesis of MoS 2 on Al 2 O 3 are feasible when the formation energy after adsorption, E f ads , becomes negative. Figure 2(a) shows that the adsorption of n-layer MoS 2 on sapphire results in a negative formation energy, thermodynamically stabilizing single-layer MoS 2 and tri-layer 2H-and 3R-MoS 2 . Moreover, the variation in binding energy for the three configurations of n-layer MoS 2 on Al 2 O 3 is negligible. We find that the interaction strength of singlelayer, tri-layer 2H-and 3R-MoS 2 with the Al 2 O 3 is similar, 30 meV/Å 2 . The equilibrium z-separation between the top most atom of the substrate and the bottom most atom of the MoS 2 is 2.6 Å , much larger than for single layer MoS 2 on transition metals. 48, 49 The structure of single layer as well as the tri-layer MoS 2 remain undistorted when adsorbed on the sapphire substrate. The small binding energy, negligible distortion to the MoS 2 structure, large binding distance, and weak dependence of adsorption energy on the adsorption configurations indicate a weak van der Waals-type interaction between the n-layer MoS 2 and Al 2 O 3 .
To further confirm the bonding character between n-layer MoS 2 and the substrate, and to quantify the substrate induced doping of n-layer MoS 2 , we estimate the charge transfer using the Bader formalism. 50 The Bader charges were converged to an accuracy of 0.001 by using a mesh of 160 Â 160 Â 500. Fig. 2(b) shows the carrier density due to the electron transfer from Al 2 O 3 to the MoS 2 for all the configurations. For both single-layer and tri-layer MoS 2 , the charge transfer is 0.02 electrons per unit cell of MoS 2 , effectively leading to carrier densities, n e , about 10 20 electrons/ cm 3 . The observed charge transfer is probably a result of the extended sapphire surface states and is unlikely to be a true doping. In support, a careful inspection of the band alignments of the various surfaces and interfaces suggests the possibility of a weak substrate induced n-doping, and rules out the chance of p-doping of MoS 2 .
To determine the effect of the substrate on the electronic structure of n-layer MoS 2 , we calculate the atom-projected band structure of the n-layer MoS 2 isolated and adsorbed on the Al 2 O 3 (0001) substrate. Figures 3(a)-3(c) show the band structure of isolated, free-standing, and unstrained singlelayer MoS 2 , tri-layer 2H-MoS 2 , and tri-layer 3R-MoS 2 projected onto the Mo atoms. Single-layer MoS 2 has a direct band gap of 1.67 eV at the K point. 51 Tri-layer 2H-and 3R-MoS 2 , on the other hand, exhibit an indirect bandgap from C to K of 1.03 and 1.04 eV, respectively. Straining n-layer MoS 2 , to account for the lattice-mismatch with the Al 2 O 3 surface, reduces the band gap only slightly: for single-layer MoS 2 to 1.60 eV, and for tri-layer 2H-MoS 2 and 3R-MoS 2 to 1.00 eV. 51 Figure 3 45, 52 All three configurations of n-layer MoS 2 adsorbed on Al 2 O 3 (0001) display nearly identical binding energies and also similar electronic band structures. Figures 3(e)-3(g) show the electronic band structure for the top(Mo) configuration, projected onto the Al, O, Mo, and S atoms. The band structures of the other configurations are shown in the supplementary material. 52 Interestingly, the band structure of n-layer MoS 2 is only weakly affected by the interaction with the surface states of O-and Al-surface atoms in Al 2 O 3 . The MoS 2 remains semi-conducting without any bonding or antibonding states in its band gap.
To quantify the effect of the substrate on the electronic structure of MoS 2 on Al 2 O 3 , we compare the electron effective masses, m Ã e =m 0 , of n-layer MoS 2 before and after adsorption on Al 2 O 3 . The electron effective mass is computed as the second derivate of the band structure near the conduction band minima, at the C-point, of (3 Â 3) supercells of isolated and adsorbed MoS 2 . Table I The effective mass of the electrons is inversely proportional to the electronic mobility, l ¼ À15 s. These results confirm that the experimentally observed increase in mobility of MoS 2 passivated by a high-j dielectric is likely due to the reduced Coulomb scattering of charge carriers. While challenging and computationally extensive, it is worthwhile to explore the electronic structure of MoS 2 in contact with Al 2 O 3 by including defects, inclusions, adsorbates, and impurities in both the materials to understand the atomic level picture of charge scattering.
Finally, we determine if the substrate affects the character of the bandgap of n-layer MoS 2 when placed on the sapphire substrate. Since, the band structure of the (3 Â 3) supercells of n-layer MoS 2 adsorbed on sapphire in Figures  3(e)-3(g) is folded, it is not possible to directly identify the character of the band transitions in relation to the (1 Â 1) structures. We unfold 54 the band structures using the BandUP code, 55, 56 and the results are plotted in Figure 4 . As site projected band structures are unavailable in this implementation, some noise is present in the figure due to the states of the substrate. The band structures of the (1 Â 1) primitive cell of isolated-unstrained single-layer MoS 2 , tri-layer 2H-and 3R-MoS 2 are superimposed in Figures 4(a)-4(c) , respectively, on the unfolded band structures as a guide to the eye. Examining the unfolded band structures with respect to the superimposed band-structures, we can clearly see that, even after adsorption on the oxide, the band transition remains direct for singlelayer MoS 2 , and indirect for tri-layer 2H-and 3R-MoS 2 . The results reveal that indeed the electronic structure of n-layer MoS 2 is unaltered by the presence of the sapphire substrate.
In summary, we find that single-layer MoS 2 and trilayer 2H-and 3R-MoS 2 are thermodynamically stable on the Al-terminated a-Al 2 O 3 (0001) surface. We demonstrate using atom-projected electronic band structures, calculations of the effective-masses, and by unfolding of the band structures that the electronic structure of MoS 2 is unaltered by the weak van der Waals interactions with the Al 2 O 3 substrate. Al 2 O 3 is found to be an ideal substrate for single-layer and tri-layer 2H-and 3R-MoS 2 as it thermodynamically stabilizes the n-layer MoS 2 without changing its semiconducting nature. Further, our results indicate that the experimentally observed increase in the mobility of MoS 2 when adsorbed on high-j dielectric substrates is likely a result of decreased scattering of electrons and not due to a change in effective mass. Overall, our results will help guide future efforts to improve, engineer, and design high performance MoS 2 based nanoelectronics. 
